Background/Aims: Low back pain has become one of the most common musculoskeletal diseases in the world. Studies have shown that intervertebral disc degeneration (IDD) is an important factor leading to low back pain, but the mechanisms underlying IDD remain largely unknown. Research over the past decade has suggested critical roles for microRNAs (miRNAs) in natural growth and disease progression. However, it remains poorly understood whether circular RNAs participate in IDD. Methods: Clinical IDD samples were collected from 20 patients who underwent discectomy. Weighted gene co-expression network analysis was used to identify the co-expression miRNA network modules (highly co-expressed clusters of miRNAs) that were associated with IDD grade. Results: miR-3150a-3p was the most significantly up-regulated miRNA in module "Blue." Notably, aggrecan (ACAN) was identified as a direct target gene of miR-3150a-3p and ACAN expression was regulated by miR-3150a-3p. Overexpression of miR-3150a-3p decreased ACAN expression in nucleus pulposus cells, whereas inhibition of miR-3150a-3p increased ACAN expression. In addition, ACAN expression was negatively correlated with IDD grade. Conclusion: Our study suggests that the reduction of ACAN expression induced by the upregulation of miR-3150a-3p might participate in the development of IDD.
Introduction
Intervertebral disc degeneration (IDD) is characterized by increased extracellular matrix breakdown and abnormal matrix synthesis, which contribute to reduced hydration, loss of disc height, and decreased ability to absorb load [1, 2] . It is considered as the predominant source of chronic low back pain and spine-related disease, which causes a major economic and social burden affecting millions of people worldwide [3] . It is estimated that as much as 84% of the population suffers from low back pain at some point in their life, whereas 10% are chronically disabled [4] . The main clinical manifestations of IDD are disc herniation, vertebral instability, and spinal stenosis. However, our ability to treat IDD effectively is hampered by an incomplete understanding of the physiological processes that control intervertebral disc development, function, and disease. Today, IDD is still treated with symptomatic interventions that do not provide adequately improved outcomes, as no disease-modifying drugs are available [5] . Consequently, the clinical management of IDD pathologies remains severely limited, with no options yet for early intervention or predictive patient screening. Therefore, understanding the pathophysiology and molecular mechanism underlying IDD appears to be imperative for its diagnosis and the development of novel therapeutic approaches. Numerous studies indicate that a variety of cellular events are disturbed in the progression of IDD, including matrix synthesis, nucleus pulposus (NP) cell apoptosis, and cytokine expression [6] [7] [8] [9] [10] [11] .
Increasing evidence has shown that IDD is a multifaceted spinal disease. Both genetic and environmental factors contribute to IDD, but genetic factors are considered to be the greatest contributors [12] [13] [14] [15] . The genetic machinery ranges from single nucleotide variants and coding genes to newly defined noncoding RNAs (ncRNAs). Recent whole-genome sequencing studies have greatly expanded our understanding of the human genome [16, 17] .
As a large set of transcript products of the human genome, ncRNAs account for 98% of the human genome devoid of protein-coding function. Overwhelming evidence indicates that ncRNAs, including microRNAs (miRNAs), exist widely in living organisms. Moreover, ncRNAs play critical roles in a variety of physiological processes pertaining to gene expression [18, 19] . Although a number of molecular drivers of IDD have been described over the years, miRNAs have emerged only very recently as key players in the pathogenesis of IDD [20] [21] [22] . Accumulating evidence indicates that miRNAs are frequently dysregulated in the development of IDD [23] .
The aim of this study was to investigate the role of miR-3150a-3p in IDD by targeting aggrecan, and we hypothesized that dysregulated miR-3150a-3p may promote IDD. Weighted gene co-expression network analysis (WGCNA) was performed to identify several IDD grade-correlated miRNAs, and discovered that miR-3150a-3p expression was significantly upregulated in degenerative NP tissues versus control tissues and the expression level of miR-3150a-3p was significantly correlated with degeneration grade. Subsequently, we systematically validated the role of miR-3150a-3p in a series of experiments performed in cultured human NP cells.
Materials and Methods

Clinical specimens
This study was approved and supervised by the Ethics Committee of Tianjin Medical University General Hospital and Hebei Province Cangzhou Hospital of Integrated Traditional and Western Medicine. Written informed consent was obtained from patients for research purposes. Human lumbar degenerative NP specimens were obtained from 20 patients with IDD undergoing discectomy in the Tianjin Medical University General Hospital and Hebei Province Cangzhou Hospital of Integrated Traditional and Western Medicine. The control samples were taken from 20 age-and sex-matched patients with fresh traumatic lumbar fracture who underwent anterior decompressive surgery because of neurological deficits (Table 1) . IDD grade was classified as described previously [24] .
Microarray data
The miRNA expression data set (GSE63492) was downloaded from the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo) [15] , which contained 5 human NP samples derived from patients with IDD and 5 derived from cadaveric disc as normal controls. The platform was a GPL19449 Exiqon miRCURY LNA microRNA Array for miRNA. Probe annotation files were also acquired.
Inferring degeneration grade-associated co-expression miRNA network modules
Before network inferring, raw data were converted into recognizable format with the affy package of R, and missing values were then imputed by a method based on k nearest neighbors [25] , then the data were normalized with the median method [26] . The co-expression miRNA network modules (highly co-expressed clusters of miRNAs) were inferred from the IDD grade-associated miRNAs using WGCNA, an R package [27] . WGCNA network construction and module detection were conducted using an unsigned type of topological overlap matrix, a power β of 10, a minimal module size of 10, and a branch merge cut height of 0.25. The module eigengene (the first principal component of a given module) value was calculated and used to test the association of modules with IDD grade in the 10 samples. The most significant module of miRNAs was visualized using R.
Identification of key miRNAs in IDD
Differential analysis was performed using the limma package [28] between the degeneration samples and controls in module "Blue" ( Table 2 ). The limma package involves pre-processing, exploratory data analysis, differential expression testing, and pathway analysis, with the results obtained informing future experiments and validation studies (http://www.bioconductor.org/packages/release/bioc/vignettes/limma/inst/doc/ usersguide.pdf). The first was the design matrix, which indicated in effect which RNA samples were applied to each array. The second was the contrast matrix, which specified which comparisons you would like to make between the RNA samples. For statistical analysis and assessing differential expression, limma uses an empirical Bayes method to moderate the standard errors of the estimated log-fold changes. The basic statistic used for significance analysis is the moderated t-statistic, which was computed for each probe and each contrast. Moderated t-statistics lead to p-values in the same way that ordinary t-statistics do, except that the degrees of freedom are increased, reflecting the greater reliability associated with the smoothed standard errors. Limma provided the functions top Table and decided Tests, which summarize the results of the linear model, perform hypothesis tests, and adjust the p-values for multiple testing. The results include (log-) fold changes, standard errors, t-statistics, and p-values [29] . |Log(fold change)| > 1 and adj. p-value < 0.05 were set as the cut-offs to screen out differentially expressed miRNAs.
Isolation and culture of human NP cells
Tissues specimens were washed twice with phosphate-buffered saline, and the NP was separated from the annulus fibrosus using a stereotaxic microscope, then cut into pieces (2-3 mm 3 ), and NP cells were released from the NP tissues by incubation with 0.25 mg/mL type II collagenase (Invitrogen, Carlsbad, CA) for 12 h at 37°C in Dulbecco's modified Eagle's medium (DMEM/F12; GIBCO, Grand Island, NY). After isolation, NP cells were resuspended in DMEM/F12 containing 10% fetal bovine serum (FBS; GIBCO), 100 mg/mL streptomycin, 100 U/mL penicillin, and 1% L-glutamine, and then incubated at 37°C in a humidified atmosphere with 5% CO 2 . The confluent cells were detached by trypsinization and seeded into 35-mm tissue culture dishes in complete culture medium (DMEM/F12 supplemented with 10% FBS, 100 mg/mL streptomycin, and 100 U/mL penicillin) in a 37°C, 5% CO 2 environment. The medium was changed every 2 days. The third passage was used for subsequent experiments. 
Quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR)
After RNA extraction, M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA) was used to synthesize cDNA according to the manufacturer's instructions. The expression level of miR-3150a-3p was evaluated by qRT-PCR using a SYBR Green assay. PCR was performed in a 10-μL reaction volume, including 2 μL cDNA, 5 μL of 2× Master Mix, 0.5 μL forward primer (10 μM), 0.5 μL reverse primer (10 μM), and 2 μL double distilled water. The reaction was set at 95°C for 10 min for pre-denaturation, then at 95°C for 10 s and 60°C for 60 s repeating TargetScan cycles. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a reference. Both target and reference were amplified in triplicate wells. The relative level of each circular RNA was calculated using the 2 −ΔΔCt method [30] . The following primers were used: aggrecan (ACAN) forward: 5′-TGCATTCCACGAAGCTAACCTT-3′, reverse:
5′-GACGCCTCGCCTTCTTGAA-3′; GAPDH forward:
5′-AGAAAAACCTGCCAAATATGATGAC-3′, reverse:
5′-TGGGTGTCGCTGTTGAAGTC-3′; miR-3150a-3p forward:
5′-ACACTCCAGCTGGGCTGGGGAGATCCTCGA-3′, reverse:
5′-TGGTGTCGTGGAGTCG-3′; and U6 forward:
5′-CTCGCTTCGGCAGCACA-3′, reverse: 5′-AACGCTTCACGAATTTGCGT-3′.
Western blot analysis
Cultured cells were homogenized in lysis buffer (0.25 M Tris-HCl, pH 6.8, 20% glycerol, 4% sodium dodecyl sulfate [SDS], 10% mercaptoethanol) supplemented with protease and phosphatase inhibitors. Samples containing equal amounts of protein (10 µg) were electrophoresed on SDS-polyacrylamide gels. The proteins were then transferred to polyvinylidene fluoride membranes. Then, the membranes were blocked with 5% nonfat milk in Tris-buffered saline containing 0.1% Tween 20 (TBST) at room temperature for 1 h and incubated overnight at 4°C with primary antibodies diluted 1:3000 in TBST containing 5% nonfat milk. The secondary antibodies were used at a dilution of 1:6000 at room temperature for 1 h, and the immunoblots were developed by using an ECL system.
Cell transfection
NP cells from the third passage were used for transfection. Culture plates were incubated at 37°C in a humidified atmosphere with 5% CO 2 . The cells were transfected with the corresponding plasmids or miRNA mimics using Lipofectamine 3000 (Invitrogen, Carlsbad, CA) according to the manufacturer's recommendations. The cells were harvested at 48 h after transfection.
Dual-luciferase reporter assay ACAN was identified as a putative target gene of miR-3150a-3p. TargetScan and DIANA were used to predict target genes. The binding site in the 3′-untranslated region (UTR) of ACAN, called ACAN-wildtype (5′-GCCCAACCUUCUCCCCUCCCCAc-3′) and ACAN-mutant (5′-GCCCAACCUUCUCCCGAGGGGUc-3′), was inserted into the KpnI and SacI sites of the pGL3 promoter vector (Realgene, Nanjing, China) in a dualluciferase reporter assay. Firstly, the cells were plated on 24-well plates. Then, 80 ng plasmid, 5 ng Renilla luciferase vector pRL-SV40, 50 nM miR-3150a-3p mimic (5′-GGUUGGAGCUCCUAGAGGGGUC-3′), and negative control were transfected into cells by using Lipofectamine 3000 (Invitrogen, Shanghai, China). The cells were collected and measured following the manufacturer's instructions by using a Dual-Luciferase Assay Kit (Promega, Madison, WI, USA) at 48 h after transfection. All experiments were repeated three times independently.
Statistical analysis
Each experiment was repeated at least three independent times, and the Schwann cells in each experiment were harvested from a single isolation. The results of qRT-PCR and the gray values from 
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western blot analysis are shown as the mean ± standard error of the mean(SEM). Statistical significance was determined using a two-tailed Student's t test (SPSS 22.0). The correlation between miR-3150a-3p expression and IDD grade, and the correlation between ACAN expression and IDD grade were analyzed using analysis of variance (ANOVA). The correlation of ACAN and miR-3150a-3p expression was assessed using Pearson's correlation analysis.
Significance was set at *p < 0.05, **p < 0.01, or ***p < 0.001.
Results
Identification of IDD gradeassociated co-expression miRNA network modules using WGCNA
After data normalization ( Fig.  1) , a total of 575 miRNAs were screened out from the expression profile of NP cells. WGCNA was performed with these 575 non-redundant miRNAs, leading to the identification of 16 WGCNA modules ( Fig. 2A) . Analysis of the module-trait relationships revealed that module "Blue" of 23 miRNAs was highly correlated with IDD grade (Pearson's correlation = 0.790, p = 0.007), while it was not correlated with age (Pearson's correlation = -0.1, p = 0.8) in the 10 samples (Fig. 2B) . Therefore, the 23 miRNAs of module "Blue" were considered to have an important role in IDD.
Differentially expressed miRNAs of the WGCNA module highly associated with IDD grade A total of 12 differentially expressed miRNAs were screened out from module "Blue," among which, 6 miRNAs were up- (Table  1) . Hierarchical clustering showed that the miRNA expression pattern was distinguishable between IDD and normal control samples (Fig. 3) . Notably, miR-3150a-3p was the most significantly up-regulated miRNA in module "Blue."
Validation of miR-3150a-3p expression by qRT-PCR
The miR-3150a-3p expression level was validated using qRT-PCR in 20 pairs of samples. As shown in Fig. 4A , miR-3150a-3p was significantly up-regulated in NP tissues from patients with IDD. In addition, when the IDD patients were grouped according to grade, miR3150a-3p expression was significantly increased with the increase of grade (all p < 0.05) (Fig. 4A) .
ACAN expression level and the correlation of miR3150a-3p and ACAN
ACAN is the major noncollagenous component of the intervertebral disc. Degradation and loss of ACAN result in impairment of disc function and the onset of degeneration. In this study, as shown in Fig. 5A , the expression level of ACAN was significantly down-regulated in degenerative NP tissues. In addition, the expression level of ACAN was correlated with the expression level of miR3150a-3p in NP tissues (Fig.  5B) . 
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was complementarity between miR-3150a-3p and ACAN; the miR-3150a-3p sequence had a binding site for the 3′-UTR of wild-type ACAN, but without a binding site for the 3′-UTR of mutant ACAN (Fig.  6A ). To confirm further the functional interaction between miR-3150a-3p and ACAN suggested by the target prediction algorithms, we performed luciferase reporter assays with an ACAN vector that contained either the putative 3′-UTR miR-3150a-3p binding site (wild-type) or mutant binding site (mutant).
Overexpression of miR-3150a-3p significantly reduced the luciferase activity of the reporter gene for wild-type, but not mutant, indicating that miR3150a-3p directly targeted the 3′-UTR of ACAN (Fig.  6B ). This effect was further confirmed by protein and mRNA expression analyses. As shown in Fig.  6C -D, miR-3150a-3p overexpression decreased both ACAN protein and mRNA levels in NP cells, whereas inhibition of miR-3150a-3p increased ACAN levels.
Taken together, these results demonstrated that miR3150a-3p directly recognizes the 3′-UTR of ACAN mRNA and regulates its expression at the post-transcriptional level. More interestingly, when IDD patients were grouped according to different grades, ACAN expression was significantly increased with the increase of grade (all p < 0.05) (Fig. 7) .
Discussion
In the current study, we first performed WGCNA to identify IDD grade-related miRNAs, and module "Blue," which contains 23 miRNAs, was significantly correlated with IDD grade. Moreover, a total of 12 miRNAs was significantly dysregulated in module "Blue," and miR-3150a-3p was the most significantly up-regulated miRNA among these 12 miRNAs. Subsequently, we used qRT-PCR to confirm that miR-3150a-3p was significantly up-regulated in IDD patients compared with corresponding controls, and miR-3150a-3p expression was significantly increased with the increase of IDD grade. The dysregulation of miR-3150a-3p has been observed in breast cancer. To date, the expression of miR-3150a-3p in degenerative NP tissues and its role in the development of IDD remain unclear. Thus, we selected miR-3150a-3p for further analysis. Current evidence suggests that loss of ACAN can be considered an early indicator of IDD. To investigate further the role of miR-3150a-3p in the pathogenesis of IDD, we performed functional analysis of miR-3150a-3p to investigate the relationship between miR-3150a-3p and ACAN. Notably, we identified ACAN to be a direct target gene of miR-3150a-3p, and ACAN expression was regulated by miR-3150a-3p. miR3150a-3p overexpression decreased the expression of ACAN in NP cells, whereas inhibition of miR-3150a-3p increased the level of ACAN. In addition, ACAN expression was negatively correlated with IDD grade. These findings suggest that the reduction of ACAN expression induced by the upregulation of miR-3150a-3p might have a role in the development of IDD.
A hallmark of IDD is the progressive loss of extracellular matrix macro-molecules ACAN and collagen II [31] . ACAN abundance reaches a plateau in the early 20s, declining thereafter due to proteolysis, mainly by matrix metalloproteinases and aggrecanases, though the degradation of hyaluronan and non-enzymic glycation may also participate [32] . At present, there is no medical treatment for the repair of IDD, and ultimately surgical intervention is required for symptomatic relief. This can involve excision of a disc protrusion or, if degeneration is more extensive, removal of the whole disc followed by spinal fusion or the insertion of a disc prosthesis. These procedures are not ideal and do not restore normal disc function. In the case of fusion, the mechanics of the spine are altered and degeneration of the discs at levels adjacent to the fusion may result [33] . Thus, there is a need for a therapy that can retard or even halt the early degenerative process. As ACAN loss is a major driving force of early disc degeneration, it seems reasonable that such a therapy should ideally promote ACAN synthesis and at the same time prevent its degradation [34] . Single nucleotide variants of candidate genes in the ACAN metabolic pathway are associated with the severity of IDD and Modic changes in patients with chronic mechanical low back pain [35] .
ACAN belongs to a family of proteoglycans that are characterized by the presence of glycosaminoglycan chains attached covalently to a core protein, and is the major noncollagenous component of the intervertebral disc. It is a large proteoglycan possessing numerous glycosaminoglycan chains and the ability to form aggregates in association with hyaluronan. Its abundance and unique molecular features provide the disc with its osmotic properties and ability to withstand compressive loads. In a healthy disc, swelling is mainly associated with the NP, where ACAN content is the highest, and is mainly resisted by the collagen fibrils of the surrounding annulus fibrosus. Upon applying compression to the tissue, water is displaced and the concentration of ACAN at the site of compression is increased, thereby increasing its swelling potential. This increased swelling potential is dissipated upon the removal of the compressive load as ACAN swells, drawing water back until the initial equilibrium is restored [32] . Degradation and loss of ACAN result in impairment of disc function and the onset of degeneration [36] .
A previous study demonstrated that growth factors, such as bone morphogenetic protein 7, transforming growth factor β, and growth and differentiation factor 5, can repair a degenerative intervertebral disc in animal models by increasing ACAN content [37] . In this study, we demonstrated that miR-3150a-3p was significant up-regulated in degenerative NP cells (Fig. 4) , whereas ACAN expression was negatively correlated with miR-3150a-3p expression (Fig. 5B) . It is considered that the up-regulation of miR-3150a-3p expression inhibits ACAN in NP cells, thereby degrading extracellular matrix components, which might be the potential mechanism in human IDD.
Conclusion
This study provides the discovery and validation of IDD grade-associated miRNA expression profiles. We also demonstrated that miR-3150a-3p was significantly up- 
